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I. INTRODUCTION/BACKGROUND

Fuel for use in U.S. Military ground vehicle mobility operations is procured
against Federal specification VV-F-800C, “Fuel 0il, Diesel”.(l)* This spec-
ification controls fuel sulfur content to 0.5 wt! maximum in the continental
United States (CONUS) and allows fuel sulfur coantent of 0.7 wt? maximum
outside CONUS (OCONUS). 1In the future, diesel fuel sulfur levels are ex~
pected to 1increase, especially in OCONUS areas. Increasing Departmeant of
Defense (DOD) emphasis on utilizing mobility fuels refined from high sulfur
and nonconveantional crude resources makes it mandatory to 1investigate the
effects of heteroatom components on compression ignition engine deposits and
wear, Heteroatom compounds which }ndividually contain sulfur, nitrogen, and
oxygen are of principal concern. Fuel sulfur, the primary heteratom type
found in finished petroleum fuels, has been identified as the main contrib-
utor to engine performance degradation, as illustrated in the following
review of the literature.

During the 1940's, several researchers reported on the detrimental effects of
sulfur compounds in diesel fuel. Cloud and Blackwood (1941) used both cyclic
and steady-state 80-hour engine test procedures to determine the effects of
diasel fuel sulfur content on deposits and wear.(2) They reported that an
{fncrease in fuel sulfur from 0.2 to 1.0 wtX resulted {n a two to sixfold
increase in wmeasured piston ring wear and a two to fourfold i{ncrease in
cylinder bore wear. A 40 to 80 percent increase in ring zone deposits was
observed, as well as increased ring sticking. Cloud and Rlackwood concluded
that fuel sulfur type was relatively unimportant as fuels containing natur-
ally occurring and added sulfur (carbon disulfide and diamyl trisulfide)
produced about the same level of engine distress. Increased wear and foultng
were also caused by the addition of small amounts of SO
a fired engine. Addition of SO

9 to the intake alr of

3 to the intake air of a motored engine caused
dramatic focreases in ring wear and deposits. Fanally, they treported that 60
to 90 percent of the fuel sulfur was converted to SO3 during the coabustion
process. In 1947, Moore and Kent determined the effect of nitrogen, sulfur,
and naphthenic aclids on single-cylinder diesel engine (Caterpillar) wear by

using craukcase iron content as an indication of wear.(l)

*Underscored numbers in parentheses refer to the list of references at the
end of this report.
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No increase in iron wear metals was observed for fuels containing 0.17 per-
cent nitrogen or naphthenic acids (fuel TAN = 0.3). Fuels containing natural
sulfur (0.7 wtX) and sulfur added as thiophene (0.7 perceat S) produced a
four to fivefold increase in iron wear metals. A fuel with 1.3 percent S
present as thiophene gave a sevenfold increase in iron wear metals. They
also reported that reducing engine coolant temperature from L60°F (71°C) to
100°F (37°C) caused a fourfold increase in wear. Also in 1947, Blanc of
Caterpillar Tractor Co. reported that fuel nitrogen countent (0.08 wtX) had no
effect on either engine wear or deposits {4), but experiments ia a single-
cylinder Caterpillar engine showed that as fuel sulfur content increases,
ring and cylinder bore wear (top) and piston deposits increase. Blanc used
both naturally occurring sulfur and added sulfur as thiophene, dodecyl
mercaptan, and diamyl sulfide. He concluded that diffeceat types of fuel
sulfur compounds may show differences in wear and deposits; however, the
differences are small., Finally, Blanc reported that distillation range of
high sulfur fuels was found to arfect deposits somevhat, but not to the
extent that fuel sulfur coantent impacted on deposits.

In 1948, Gadebusch reported that fuel sulfur content alone is not satis-
factory for predicting engine deposits. He found that a fuel blend of
straight run and catalytically cracked material which contained 0.6 wt S
gave wore deposits than a straight run fuel with a sulfur content of 1.15
wtX.(3) Cattaneo and Starkman (1948) reported that ring wear increaged three-
fold in golng from zero to 1.0 wtX fuel sulfur and that basic material in the
engine oil significantly reduced the wear.(6) Furstoss (1949) fovestigated
field experience iavolving smali-bore wedlum-speed diesels using high-sulfur
fuel and reported that operation on fuel with greater than 0.5 wtl S resulted
in abnormal upper cylinder and ring wear with increased engine deposits.(7)
Also in 1949, Broeze reported that cylinder bore wear increased twofold and
ring wear increasced threefold when fuel sulfur was {ncreased from 0.08 to 1.5
wtl.(8) In experimeats with a Pyrex window in the conbustion chamber, Broeze
ohserved that increased fuel sulfur conteant caused increased lacquer depos-
its. Because of anomalous wear and deposition behavicr of some sulfur-con-
tainiag compounds, Broeze questioned the theory that fuel sulfur type had no
influeace oa engine wear and deposits.
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After the excellent research of the 1940's, very little information was
published on high-sulfur fuel usage effects in high-speed diesel engines.
Not until 1974 did Perry and Anderson of the U.S. Navy investigate the
effects of iancreasing the sulfur conteat of diesel fuel wmarine (DFM).(9)
They found during 1000-hour tests that in going from 1.0 to 1.3 wt? fuel S
(all naturally occurring), top compression ring wear increased by a factor of
2.5, and more ring sticking occurred in both two- and four—cycle diesel
engines. U.S, Army research on high-sulfur fuel utilization was reported by
Lestz, LePera, and Bowen in 1976.(10) Using a cyclic operating procedure in
an aluminum block two-cycle diesel engine, they found severe increases in
fire ring (1.4 to sixfold) and bore wear (zero to threefold) when comparing
reference fuel (0.4 percent S8) with fuels countaining 0.64 and 1.2 wtX natu-
rally occurring sulfur. Higher lubricant ash content helped in controlling
fire ring and bore wear; however, more ring sticking occurred with the higher
ash oil, In this work, greater engine distress was counsisteutly observed
vith the 0.64 wtX S fuel than with the 1,2 wtX S fuel. This greater distress
led the authors to speculate that other fuel components preseat such as
olefinic compounds, oxygenated compounds, naphthenic acids, and pyrrole
nitrogen ware contributing to the increased wear. 1In 1978, Frame reported
that in going from 0.4 to 1.0 wtX natural occurring fuel sulfur, fire ring
wesr lacreased fourfold and liner scuffing increased five to tenfold {n a
two~cycle diesel eungine.(ll) No chauge in engine deposits sccompanied the
fuel sulfur increase in this work.

Gergel (1980) reported on wmodfified Cat 1-G2 tests run with fuel coantaining
1.4 wtX sulfur, with the additional sulfur added as tertiacy butyl disul-
fide.(12) 1Iu thesa tests, vhich vere run without the standard oil drains,
top piston groove deposit filling remained the same while weighted total
piston deposit rating (WID) increased threefold, and top ring wear, as deter-
sined by weight loss, increased twenty-four fold when the high sulfur fuel
was used. Recent work on fuel sulfur effects has been reported by NcGeehan.
In 1982 HcGeehan found, as Gergel had earlier, that fuel sulfur coatent had
very little effect on high teaperatures (200° to 260°C) piston top groove
deposits in a eingle~cylinder turbocharged Caterpillar engine.(1l) In these
experiments, fuel sulfur conteat uwas increased by adding tertiary butyl
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disulfide to the hase fuel. Total piston deposits increased overall with the
higher sulfur fuel due to increased lower area piston deposits at tempera-
tures of 120° to 190°C. Finally, in 1983 McGeehan published results of
research covering the effects of fuel sulfur content on diesel engine bore
polishing.(14) He found in going from 0.2 to 1.0 percent fuel sulfur, bore
polishing increased two to threefold in the Mack T-6 600-hour test, aad
sixfold in the 200-hour Ford Tornado test. This completes the literature
review relating to the effects of fuel hetercatom compounds on high-speed
diesel engine performance.

In summary, fuel sulfur content has been shown to be directly related to
engine wear. While many factors such as operating temperature and lubricant
quality {mpact on engine wear, the effect of fuel sulfur content on engine
wear 1is very large. In general, for each additional ocne percent of fuel
sulfur conteat (e.g., 0.3 to 1.3 percent S), ring and cylinder bore wear
increased approximately eightfold and fourfold, respectively. Also, in-
creased fuel sulfur content generally led to sdditional piston deposits and
often even to ring-sticking. There is disagreement {n the literature as to
vhether the type of sulfur coupound (i.e. natural occurring or added) has an
fapact on wear and deposits.

The effects of nitrogen heteroatorn coapounds ia the fuel on angine weer and
deposits have not been as thoroughly documented. At relatively low fuel

nftrogen contents (<0.2 wtl), no effects were obrerved,

II. OBJECTIVES

The objectives of this resrarch project were to provide a cleav definition of
the effects of fuel heteroatom coapounds on diesel engine condition and to
fnvestigate the wechanisas through which known fuel heteroatom coapounds
affect engine deposition and wear. An additional odbjective was to resolve
areas of disagreement concerning heteroatoa effects on engine performance

which were found in the literature.
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III. EXPERIMENTAL APPROACH

An engine-based approach was used in this research. It involved operating a
single-cylinder research diesel engine on fuel containing a known heteroatom
compound and determining the effects of the known compound on engine wear and
deposits. To isolate the effect of the heteroatom compound added to the base
fuel, it was necessary to use a base fuel and engine Jubricant which were
free of sulfur and nitrogen. A highly controlled base fuel which met U.S.
Air Force spécification MIL-T-38219, JP-7, (15) and was extremely low in
nitrogen and sulfur content was used throughout the program. Typical analy-
ses of the JP-«7 base fuel, as shown in Table 1, reveal that it is a highly
refined, low aromatic fuel with a fairly narrow boiling range. The engine
lubricant used throughout the program was a 6 ¢St polyalphaolefin base stock
which contained no nitrogen or sulfur. The properties of this additive-free
lubricant are given in Table 2.

TABLE 1. BASE FUEL PROPERTIES
JP-7, AL-11417

Requirements
Property Test Method Value MIL-T-38219

Gravity, API° D 287 44,9 4450
Viscosity, cSt, at 40°C D 445 1.65 NR**%
Flash Poiat, °C D 93 72 €0 min
Distillation, °C D 86

IBP 196 182 min

10% 206 196 min

504 215 Report

90% 237 260 max

EP 269 288 max
Sulfur, wtl D 1266 0.004 0.1 max
Nitrogen, wtX CLM* <0, 001 NR
Cctane Number D 613 54 NR
Hydrocarbon Type, volZ D 1319

Saturates 96 NR

Olefins 0 NR

Arometics 4 5 max
Aroaaticity, wtX Ring Carbon UV NR

mono- 1.12

di- 0.11

tri- 0.01

* CIM = Chemiluminescent Method
% UV = Uliraviolet Spectroscopy
***NR = No Requirement
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TABLE 2, LUBRICANT PROPERTIE
6 cSt PAQ, AL-11474

Property Test NMethod Value
Gravity, API® D 287 40.6
Viscosity, cSt, at 40°C D 445 30.89

at 100°C D 445 5.84

Viscosity Index D 2270 135
TAN, mg KOH/g D 664 0.0
TBN, mg KOH/g D 664 0.0
Flash Point, °C D 92 240
Elemental Coutent, wt? XRF*

Ca <0,01

Zn <0.01

P <0.01

S <0,01

N CLM*# <0.001

* XRF = X-Ray Fluorescence
%% CIM - Chemilvminescent Method

. v— ~———

It was desired to use a small diesel engine in this program. Petter model
PHIW was selected based on its availabiii{ty at BFLRF and because it had the
following properties: single-cylinder, four-cycle, direct injection, water—
cooled diesel, Petter PHIW engine characteristics are given in Table 3, and
a photograph of the engine is presented in Figure 1. Prior to each experi-

ment, the liner was honed and the piston cleaned to remove deposits and the

FIGURE 1. PETTER MODEL PHIW ENGINE
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TABLE 3. PETTER PHLIW ENGINE CHARACTERISTICS tb
Displacement 659 ca (40.2 CID) n
Bore and Strcke 87.3 mm x 110 om m
Coupression Ratio 16.5:1 f.‘i
Piston Aluminum t:
Piston Rings 3 Retangular Compression Rings, ;\i

1 oll control

01l Capacity 2.84 L (no oii filter used) \E
}a

.

g

engine was rebuilt with new piston rings., A new piston and liner were in-

stalled after every five to eight tests. TFollowing a short break-in on a

AR 1

test fuel, the engine o0il was changed and the test was started. The test
procedure congisted of 60 hours of steady-state operation accumulated 8 hours

per day for 7.5 days with a l6-hour overnight shutdown each day. Typical

%

engine operating conditions are given 1in Table 4, Engine oll level was

ad justed to full at the end of each day, and a small used oll sample was

K T .
LA s

drawn for wear metals analysis.

(3

After each test, the engine was disassembled. Then ring wear was wmeasured,
and a standard CRC weighted total deposit pilston rating was performed. Used
engine oil wag analyzed f{or degradation and contamination buildup using
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standard ASTM tests. Deposits were washed from the piston and intake valve

-
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using heptane and then dimethylformamide (DMF). Heptane and DMF soluble

deposits were recovered using a vacuum rotary evaporator to remove the sol-
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TABLE 4, TYPICAL OPERATING CONDITIONS
FOR 60-HOUR PETTER TEST

EF” T

PQ,.
Engine Speed, RPM 18060 !
Load, lb-ft 28 to 29 6
Bhp, observed 9.6 to 9.8 ¢
0il Temp, °C 74 to 78 h
Coolant In, Temp. °C 80 X
Coolant Out, Teup. °C 82 to 83 b
Exhaust Tewmp. °C 550 to 575 !
BSFC, Lbh/RHp hr 0.38710.005

., .,

Piston Temperatures®
Top Laand (thrust and antithrust) 182°C
Skirt Top (thrust and antithrust) 131°C

‘e e

* Di-terained by temperature-sensjtive plugs
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vent. The collected deposits were then analyzed for composition to determine

if the heteroatom compound added to the fuel was affecting piston deposits.
IV. FUEL SULFUR EFFECTS

The first igsue investigated was to determine if fuel sulfur type impacts on

compression ignition engine wear and deposits. Sulfur may be present in

petroleun-based fuels in a variety of chemical compound types.

Some representative sulfur compound type structures are shown below:

Alkyl thiol (mercaptan) R-SH
Aryl thisl (mercaptan) Ar-SH

All -l suifide R-S-R

aliphatic cyclic sulfide S

] Alkyl disulfide R-§-§-R (/ \s
S

L Thiophene .

° Benzothiophene @Sj
] Dibenzothiophene ‘;’

Bailey suvrveyed the literature to daterrine the types and concentraticius of

®e 2 @& @

sulfur compounds which have been identified in crude oil and the diesul: fuel
ociling range.(16) #8Bailley concluded that predominant species were cyclic
aliphatic sulfides, aromatic sulfides, includliy thiophenes, benzothiophenes,
and dibenzothiophenes. Thiols, straight-chain sulfides, and disulfides are
probably more prevalent in the lower end of the diesel boiling range,

Model test fuels were blended to cencain 1 wt? sulfur as a known cuapound,
The nuaber of sulfuc compound types which could be iavestigated was somewhat
limited because the 60-hour test procedure used approximately 300 pounds of

12
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A. Sulfur Types at 1 WtZ Fuel §

JP-7 to 1 percent:

tert butyldisulfide (TBDS)
n-butylsulfide (C4S)
n-octylmercaptan (C85H)
n~-doderylmercaptan (Cl1SH)
thiophene (TPH)

results summarized in Tables %, 6, aund 7.

and measured pliston ring end gap change.

coateat.

13

fraction was primarily residual lube oil,

available in fairly large quantities at reasonable cost.

These fuels were evaluated 1in the 60-hour Petter test procedure, with the -

fu2l blend., To obtain 1 wti fuel sulfur required from 8 to 20 pounds of
sulfur compound, Thus, each sulfur compound for investigation had to be

Bach of the following sulfur types was used to raise the sulfur content of

Cylinder liner wear was negligible

for all tests. Thus engine wear was evaluated based on used oil iron content

The baseline JP-7 tests (average of

3) resulted in low measured engine ring wear and low used oil irom content
(56 ppm, Std dev = 16)., Piston deposits were fairly light with a WTD of 151
(Std dev = 18) and a piston lacquer demerit of 3.2 (10 = Dircy).
fuel (1 wtX S) was used as a high sulfur fuel baseline (7 tests). Ovecall
test repeatability was only fair for used oil iroan conteant (Avg = 130, Std
dev = 37), aud piston WID (Avg = 216, Std dev = 55).
contained a known sulfur compound (1 wt% S) produced at least twice as much

The TBDS

Bach of the fuels which

overall engine wear as coapared to neat JP-7, Within the test repeatability,
wear severity of {ndividual fuel sulfur compounds was judged as approximately
equivalent, Plston cleanliness, as determined by WID, tended to be degraded
for the fuels countaining TBDS and C8SH, while the other sulfur compounds
investigated had no major effact on piston cleanliness.

The analyses of the recovered piston deposits for this series of tegts are
presented in Table 6. Based on carbon/hydrogen ratio, the heptane-soluble
A slight asount of fuel-related
deposit was detected in the heptane-soluble fraction as determined by sulfur
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DMF-soluble portion of the deposit. The DMF-soluble deposit from tests using
fuel with TBDS had the greatest sulfur coanceatration (6.1 wtZ) which was
cousistent with the most heavily deposited pistons.

.,

The used oll analyses for this series of tests are presented in Table 7. In

S

l
I
|
For tests using 1 percent S fuel, sulfur tended to be concentrated ia the f
I
|
|
|
i
all tests, except for the one which used fuel coantaining C4S, viscosity 1

L
»

increase was very minimal. The used oil from the C4S test had high insolu-
bles content (2.4 wtX) which contributed to the observed viscosity increase.
Since the combustion of fuel sulfur compounds produces sulfur oxides which
can combine with water to form sulfur-~containing acids, the TAN of the used
o1l was closely monitored. While the TAN increase for all tests was less
than 1.0 during the relatively short 60-hour test procedure, the sulfur-con-
taining fuels still produced a three to fourfold TAN increase as compared to
neat JP-7., Over longer duration engine operation, this trend toward higher
uged oil TAN with high-sulfur fuels would be expected to cause more frequent
oil drain requirements., 1In all tests, the used oil waa lightly stressed as
aegligible oil oxidation and nitration were determined by differeatial infra-
red analysis.

B. Sulfur Types at 2 WtX Fuel S

A limited numbar of 60-hour Petter engine tests were conducted using model
fuels containing 2 wt® fuel sulfur. TBDS, C8SH, and TPH were each used to
ralse the sulfur conteat of JP-7 to 2 wtl, The test results are summarized
in Tables 8, 9, and 10, Compared to neat JP-7, the fuels with 2 wtX S had
approximately a fourfold increase in engine wear as indicated by used oil
iron countent, see Figure 2. In going from 1 to 2 wtX fuel sulfur, the used
oil {ron conteat waas slightly less than doubled for TBDS and C8SH and
slightly more than doudbled for thiophene. The cffect of fuel sulfur content
on piston WID {s shown in Figure 3. Only a slight increase in WID (dirtier
plston) was observed in going from 1 to 2 wtX fuel S. The used oi{l analyses
for the tests inducted with 2 wt% fuel sulfur showed slightly iancreased TAN's
compared to tests at 1 weX fuel S, Overall, at 2 wtX fuel §, each of the
three different sulfur compounds investigated caused about the same level of
engine distress.

17
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FIGURE 3. EFFECT OF FUEL SULFUR CONTENT ON PISTON WTD
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TABLE 8. PETTER ENGINE TESTS - 22 FUEL S

. Fuel Jp-7 JP-7422 S JP-7+2Z S JP-7+22 S
Heteroatom Type None as as as
t-butyl n-octyl thiophene

disulfide mercaptan

Avg. Operating Conditions

Test Hours 60 60 60 60
RPM 1800 1806 1804 1805
Load, lb-ft 29 29 30 30
Bhp 9.8 10.1 10.1
011 Temwp, °C 79.1 17.4 76.7 74,4
Exhaust Temp, °C 605 584 624 621
0il Consumption, 1b/hr 0.228 0.256 0.302 0.346
Results ’
Used 0l1 Fe, ppm 52 238 268 231
Ring End Gap Change, in.

Top 0.001 0.006 0.002 0.001

2 0.001 0.006 0.008 0.016

3 0.003 0.008 0.009 0.013
Piston WTD Rating 151 244 245 222
Piston Lacquer Demerit 3.2 5.5 4.3 3.5
Ring Sticking None None Noune None

TABLE 9. PETTER PISTON DEPOSIT COMPOSITION - 2X FUBL S
Fuel Jp=7 Jp=742% § Jp=-7422 S Jp=7422 S
Heteroatom Type None as ag as
t=butyl n=octyl thiophene

disulfide mercaptan

Piston/Int Valve Deposit

Analyses
Heptane-Soluble Deposit, wt g 1.75 2.52 2.13 1.63
Compoaition, wti
C 85.4 85.2 85.3 85.1
H 14.1 14,3 14,4 14.4
N 0.1l 0.14 0.14 0.42
S 0.12 0.56 1.0 0.17
Dimethylformamide (DMF)-
Soluble Deposit, wt g 0.74 1.49 0.92 1.60
Composition, wtX
C 67.1 58.0 59.7 53.0
H 5.0 5.0 5.9 8.4
N 3.9 5.6 1.1 3.3
S 0.6 3.8 4,1 kIR Y
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TABLE 10. USED OIL PROPERTIES - PETTER ENGINE - 2% FUEL S

Fuel Jp-7 JP=-7+42% S Jp-7422 S JP-74+22 S
Heteroatom Type Noue as as as
t-butyl n-octyl

digulfide mercaptan thiophene

Used 01l Analyses

K. Vis, cSt, at 40°C 34,32 34.95 37.00 34,95
at 100°C 6.67 7.39 9.30 8.43
TAN 0.2 0.74 1.1 1.4

Insolubles, wtX

Pentane "A" 0.71 1.11 1.02 0.81
Toluene "A" 0.53 0.90 0.94 0.73
Pentane “B" 0.69 1.10 1.02 0.81
Toluene “B“ 0.28 0.9 0.83 0.61
Elements
Fe, ppa 52 238 268 231
Cu, ppm 15 20 23 23
Pb, ppa <60 <60 <60 <60
S, wtX <0,01 0.03 0.04 0.02
N, wtl 0.004 0.005 0.007 0.006
Dif ferential IR, Oxidation NIL NIL NIL NIL

Absorbance @ 1710 cm-l

C. Naturally Occurring Versus Added Sulfur Compounds

Two 60-hour Petter engine tests vere run using fuels containing 1 wtf natu-
rally occurring sulfur coapounds. The propecties of AL-12157, a full boiliug
range DF-2 fuel, are shown in Table 11, The other test fuel was a 50/50 volX
blend of JP~7 and light cycle oil. The properties of light cycle oil (AL-
12174) are shown in Table 12,

The results of these tests are sumoarized in Tables 13, 14, and 15, Coupared
to tests with TBDS at 1 wtX fuel S, the tests using AL-12157 and the bdlend
(JP~7/eycle oil) had approximately the eame engine wear as indicated by used
oi{l 1iron conteat. However, piston deposits (WTD) with the natural sulfur
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TABLE 11. TEST FUEL PROPERTIES AL-12157

&4

Gravity, API° 30.3 Y
K. Vis, cSt, 100°F, (38°C)* 3.12 o
Sulfur, wt¥ 0.997 e
Flash Point, °F (°C) 174 (79) %
Pour Point, °F (°C) 15 (-9) >
Cloud Point, °F (°C) 18 (-8) E
Calc, Cetane No. 42.5 t",r'f
Distillation, °F (°C) ‘?.:
I8P 386 (197) b
5% 422 (217) 2
10% 438 (226) o
202 466 (241) oA
50% 536 (280) )
70% 573 (301) Lo
90% 625 (329) Bl
95% 652 (344) (o
EP 680 (360) e
*iscosity data from fuel supplier was determined at 100°F :‘:‘
P
A
TABLE 12, LIGHT CYCLE OIL PROPBRTIES AL-12174 iﬁ
..“
Sul fur, wtl 1.95 &\
K. Vis, cSt, 40°C 3.44 o
Nitrogen, wtX 0.050 .
Flash Point, °C 93 o
Catane No. 28 ;:‘;:
Distillation, *F (°C) o
18P 415 (213) ¥
202 486 (251) o

50% 547 (286) ’

702 $85 (307) >
0% 644 (340) "
EP 690 (166) o
o
K

fuels were aot as sevevre as thoge obtained with added TBDS. Both fuels which

contained naturally occurring sulfur produced more used ofl insolubles due to W
the f{ncreased heavy ends of these fuels as compared to the adodel test fuels ‘
vhich were based on narrovw boiling range JP-7. Overall, fuel sulfur type \3
(full boiling range natural vs. low boiling added) did not iafluence engine !
|\

N

7
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TABLE 13.

PETTER ENGINE TESTS - NATURAL VERSUS ADDED SULFUR

Fuel Jp-7 JP-7412 S AL-12157  JP-7/Light Cycle =
Heteroatom Type None as as 011 g
t-butyl 12 Nat. § as K
digulfide 12 Nat. § ‘
Avg. Operating Conditions
Test Hours 60 60 §0 60
RPM 1800 1805 1803 1803
load, 1b-ft 29 28 29 28
Bhp 9.8 9.6 9.8 9.6
011 Temp, °C 79.1 76.3 78.3 75.0
Exhaust Temp, °C 605 565 544 557
011 Consumption, lb/hr 0.228 0.226 0.156 0.332
Results ,
Used 011 Fe, ppm 52 130 142 150 -
Ring End Gap Change, in. p
Top 0.001 0.005 0.006 0.003 .
2 0.001 0.003 0.001 0.001 "
3 0.003 0. 006 0.004 0,001 i
Piston WTD Rating 151 216 148 152 N
Piston lacquer Demerit 3.2 5.5 4.5 5.0 !
Ring Sticking None None None None f:
TABLE 14. USED OIL PROPERTIES - PETTER ENGINE TBSTS - g
NATURAL VERSUS ADDED § i
"
Fuel J-1 Jp-THIRS  AL-12157  Ja-7/Cycle A
of1 5
Heteroatom Type None as 1% Nat. S 1X Nat. S ;
t~butyl b
disulfide I
Used Oll Analyses &
K. Vis, cSt, at 40°C 34,32 34,73 36.85 38.28 4
at 100°C 6.67 7.32 9,27 9.02 b
TAN : 0.2 0.8 0.5 1.0 \
b
Insolubles, wtl '
Pentane "A” 0.71 0.85 1.24 1.64 N
Toluene “A" 0.53 0.79 1.23 1.56 ;
pentane "B” 0.69 0.85 1.24 1.63 ',
Toluene “B" 0.28 0.48 0.52 0.90 E
Elesents i
Fe, ppa 52 130 142 150 .
Cu, ppa 15 17 17 25 .
Pb, ppa <60 <60 <0 <60 t
S, wtX <0.01 0.01 0.06 0.907 .
N, wt? 0.004 0.006 0.007 0.009 K
Differential IR, Oxidption NIL NIL NIL NIL

Absorbance @

170 e
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TABLE 15. PETTE" [ISTON DEPUSIT COMPOSITION -
NATURAT VERSUS ADDED S

Fuel Je-7 JP=-7+12

S AL-12157 - Jp=7/Cycle

Heterocatom Type None as 1% Nat. S 0il
t-butyl 12 Nat, §
disulfide

Piston/Int Valve Depusit
Analyses

Heptane-Soluble Deposit,
wt g 1.75 2,32 1.96 3.38
Composition, wti

c 85.4 85.1 85.4 85.3

H 14.1 14.3 14,0 14,3

N 0.11 0.13 0.11 0.12

S 0.12 0.50 0.19 0.16

Dimethylformamide (DMF)-

Soluble Deposit,

Wt g 0.74 0.99 1.50 2.59
. Composition, wtZ

- C 67.1 66.7 63.6 67.2

H 5.0 5.0 6.6 7.2

N 3.9 2.3 2.1 2.5

S 0.6 6.1 1.3 1.2

D. Fuel Sulfur Volatility

To determine the effect of naturally occurring fuel sulfur volatility (boil-
ing range) on engine deposits and wear, Petter diesel engine tesis were run
on both the higa and low boiling fractions of a light cycle oil. It should
be noted that in all probability, the high and low boiling fractions con-
tained different amounts of fuel sulfur types; however, volatility of the
naturally occurring sulfur compounds was the primary variable under consid-
eration. One drum of AL-12174 light cycle oil from Howell Hydrocarbons which
was previously tested in the Petter engine was saparated by fractional dis-
tillatica under vacuum at its 50 percent point. An ifllustration of the batch
fractionstion aprnratus 1is presented in Figure 4. Six batches, 26 to 28
liters escu, of whole light cycle oil were chargad to the 50L kettle of the
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FIGURE 4. BATCH FRACTIONATION APPARATUS

distillation column, A
charge of 40L is consid-
ered maximum., Smaller than
maximum batches were
selected to allow for
turbulence should bumping
occur during heating. In
addition vo the reduced
charge volume, 15 cou-
pressed carbon  boiling
chips were placed in the
kettle,

Tne vacuum-jacketed column
above the kettle {is 2
inches in diameter by 6
feet high and packed with
stainless steel Helicoll
packing to a depth of 60
inches, The column pro-
vides roughly 60 theoret-
ical plates for separa-
tion. The rest of the
equipment 1s  stainless
steel eaxcept the product
recelver. The glass prod-
uct receiver can hold one
liter and permits removing
the product while the

system s wunder vacuum.

The pressure i{n the gystem was held below 1 na/Hg during distillation. This

allowed distillation to begin at a kettle temperature of 270°F (132°C) [head
@ 102°F (38.9°C)}. At atmospheric pressure, the initial boiling point (D 86)
was &;5’!-‘ (214°C) [head @ 230°F (110°C)) and the 50 percent temperature was
v5!o7°l-‘_' (286°C). The lower teumperature was needed to prevent degradation of
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the higher beiling fraction left in the kettle. During the distillation, the
product was eluted initially at the rate of 15 mL/min. By the end of the
distillation after 50 percent of the feed had been reccvered, the productiocn
rate was 120 mL/min.

Table 16 contains the inspection properties for the light cycle oil (AL-
12174) and the light (AL-12410) and heavy (AL~12409) fractions. The desired

fractionation at the 50 perceat point was achieved.

A Petter engine test was ccnducted using fuel AL-12950, which was a blend of
high boiling fraction (HBF) of the cycle oil and JP-7, The blend had a sulfur
coutent of 1 wtk, A second Petter test was conducted on a blend (AL-13110)
of light boiling fraction of the cycle oil and JP-7, which had a sulfur con-
tent of 1 wtX, Fuel AL-13110 was treated with 1 volZ cetane improver addi-
tive (DII-3) to prevent diesel knock in the Petter engine. ‘The results of
these two Petter tests are summarized in Tables 17, 18, and 19 along with
results for neat JP-7 and JP-7+TBDS (1 wtX S). The used oil iron content
from both tests was contaminated with a sludge from the oll screen which
increased the iron content. The sludge accumulated during an extended dura-
tion (480 hr) Petter test. Complete rebuild and cleaning of the engine
elininated the problem in subsequent tests. The blend containing HBF pro-
duced approximately the same measured ring wear and deposits as the JP=7/TBDS

TABLE 16. FUEL PROPERTIES

AL-12174
Light Cycle AL-12410 AL-12409
1298 Light Fraction Heavy Fraction
Sulfur, wti 1.95 1.68 2.35
K. Vis, cSt, at 40°C 3. 44 2,16 6.36
Nitroge.., wtX 0.050 0.019 0.085
Flash -aiant, °C 93 91 151
Cetane Mo, 28 26 30
Distillctie=, °F (°C)
18P 415 (213) 414 (212) 544 (284)
202 484 (251) 458 (237) 573 (301)
50% 547 (286) 488 (253) 603 (317)
70% 585 (307) 507 (234) 628 (331)
902% 644 (340) 544 (284) 667 (353)
EP 690 (366) 612 (322) 705 (374)
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:E;: TABLE 17. PETTER ENGINE - SULFUR VOLATILITY
N 3
A : Fuel Jp-7 JP=74#12 §  AL-12950 AL-13110
'5?* Heteroatom Type None as JP-7/HBF +12 DII3
::{‘:g-. - t-butyl JP-7 /LBF -
o~ disulfide

AR

R

Avg. Operating Conditions

Ho Test Hours 60 60 60 60 .
‘.f: RPM 1800 1805 1805 1806
=X Load, lb-ft 29 28 28 28
A Bhp 9.8 9.6 9.6 9.6
R 0il Temp, °C 79.1 76.3 76.1 76.1
ISy Exhaust Temp, °C 605 565 573 576
:}:3 0i1 Consumption, 1lb/hr 0.228 0.226 0.178 0.03
;t Results
353;'?' Used 0il Fe, ppm 52 130 NM* NM
e Ring End Gap Change, in
s Top 0.001 0.005 0.005 0.003
\5‘3 2 0.001 0.003 0.002 0.001
Y‘ 3 0.003 0.006 0.005 0.002
e Piston WTD Rating 151 216 184 206
Piston Lacquer Demerit 3.2 5.5 5.4 4.5
Ring Sticking None None None None

TABLE 18, USED OIL PROPERTIES - PETTER ENGINE TESTS - SULFUR VOLATILITY '

Fuel Jp-7 JP~-7+1X § AL~12950 AL-13110
Heteroatom Type None as JP=7/HBF +1% DII3
t-butyl JP-7 /LBF

disulfide

Used 01l Analyses

K. Vis, cSt, at 40°C 34.32 3.1 41,41 30.04
at 100°C 6.67 7.32 9.87 5.90
TAN 0.2 0.8 0.9 0.9
Ingolubles, wtX
Pentane "A" 0.7 0.85 1,95 0.94.
Toluene "A" 0.53 0.79 1.89 0.90
Pentane “8" 0.69 0.85 1.94 0.91
‘:: Toluene "8" 0.28 0.48 0.86 0.66
: Elenents
» Fe, ppa 52 130 NMA NM
i Cu, ppa 15 17 <10 16
[t Pb, ppo <60 <60 <60 <60
DR N S, wt? <0.01 0.01 0.04 0.11 .
:ﬁ:¢- : N, wtX 0.004 0.006 0.008 0.004
ORSA! \
- * Differential IR, Oxigition NIL NIL V. Slight V. Slight

Absorbance @ 1710 em

*NM = Not Meaningful, used oil countaminated with carry-over Fe from a previ-
ous test

R DLy
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TABLE 19, PETTER DEPOSIT COMPOSITION -
SULFUR VOLATILITY

-‘ Fuel Jp-7 JP-74+1% S AL-12950 AL-13110+
B Heteroatom Type None as 1% DII3
t-butyl JP-7 /HBF JP-7 /LBF
disulfide

Piston/Int Valve Deposit
Analyses

Heptane—Soluble Deposit,
wt g 1.75 2.32 3.02 1.54
Composition, wt%

c 85.4 85.1 85.4 8.47
H 14.1 14,3 14,1 14,1

N 0.11 0.13 0.10 0.14
S 0.12 0.50 0.70 1.01

Dimethylformamide (DMF)
Soluble Deposit, wt g 0.74 0.99 2.05 1.07
Composition, wtX

c 67.1 66.7 63.7 56.1
H 5.0 5.0 5.8 6.1
. N 3.9 2.3 3.2 2.8
S 0.6 6.1 4.8 6.6

fuel. Used oil viscosity was increased slightly due to higher ingolubles
content with fuel blend AL-12950. The blend containing LBF cycle oil pro-
duced slightly less measured ring wear and approximately the same deposits as
the HBF blend. Used oil viscosity was slightly decreased in this test appar-
ently due to slight fuel dilution as evidenced by the sulfur contaent of the
used oil, Despite the similar WTD piston ratings, approximately twice the
DMF-gsoluble piston deposit was recovered from the HBF test. As in previous
tests, the fuel-related gulfur collected in the DMF-goluble piston deposits,
Overall, the volatility of the natural occurring sulfur compounds preseat in
the cycle oil did not have a major impact on measured ring wear or piston
deposit ratings.

V. FUEL NITROGEN EFFECTS

The objective of this series of Petter engine tests was to determine if fuel
nitrogen type impacts on diesel engine wear and deposits. The following

27
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three nitrogen compounds were used to raise the nitrogen coatent of JP=7 to

one percent:

L Pyridine
° N-methylpyrrole

L Quinoline

These nitrogen-containing test fuels were evaluated in the 60-hour Petter
test procedure. The results of the tests are summarized in Tables 20, 21,
and 22. In general, the addition of the nitrogen compounds to JP-7 did not
caugse increased engine wear. Piston deposits were substantially increased by
the addition of the N-methylpyrrole, while fuels containing the other nitro-
gen compounds produced only a slight increase in piston WTD rating compared
to neat JP-7J. '

Several problems with fuel system components were observed with the nitrogen-
containing JP-7 test fuels, In the test which used pyridine to raise the
JP-7 unitrogen content to 1 wtX, the fuel injector stuck at 30 hours and the

TABLE 20, PETTER ENGINE TESTS ~= L% PUEL N

Jp-7+1X

Fuel JP-7 JP=7T+1% N as JP=-7+41X N
Heteroatom Type None as N-methyl- as
Avg. Operating Conditions pyridine pyrrole quinoline
Test Hours 60 60 60 60
RPM 1800 1806 1803 1803
load, lb-ft 29 29 28 29
Bhp 9.8 9.8 9.6 9.8
041 Temp, °C 79.1 75.0 75.0 73.3
Exhaust Temp, °C 605 587 543 574
0il Consumption, 1lb/hr 0.228 0.311 0.324 0.162
Regults
Used 0f1 Fe, ppm 52 29 4 53
Ring End Gap Change, in.

Top 0.001 0.001 0.001 0.001

2 0.001 0.002 0.001 0.001

3l 0.003 0.003 0.002 0.003
Piston WTD Rating 151 190 245 185

. Piston Lacquer Demerit 3.2 4.2 6.0 1.3
oy Ring Sticking None None None None
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E{"t TABLE 21. USED OIL PROPERTIES - PETTER ENGINE
S P TESTS - 1% FUEL N
P 3 JP=T+i% N
X o Fuel JP-T+1Z N as JP-7T+1% N
: i?hf' Heteroatom Type None as N-methyl- as
4 ﬁ . pyridine pyrrole quinoline
Ry ; Used 0il Analyses .
il K. Vis cSt, at 40°C 34.32 33.69 32,97 36.92
o at 100°C 6.67 6.27 7.95 8.22
NS TAN 0.2 0.3 0.3 0.3
R
&1 Insolubles, wtX
.§f Pentane "A" 0.71 0.35 0.7 1.19
Lo Toluene "A" 0.53 0.16 0.30 1.12
b Pentane “B" 0.69 0.33 0.71 1.17
o Toluene “B" 0.28 0.16 0.27 0.70
Elements
Fe, ppm 52 29 41 53
Cu, ppm 15 <10 16 11
Pb, ppm <60 <60 <60 <60
S, wt2 <0.01 <0.01 <0.01 <0.01
N, wtZ 0.004 0.006 0.007 0.016
Differential IR, Oxigftion NIL NIL V. Slight NIL

Absorbance @ 1710 cm

TABLE 22. PETTER PISTON DEPOSIT COMPOSITION -

1X FUEL N
JP=7+4lZ N
Fuel JP=-7 JP-74+1% N as JP=-7+1% N
Heteroaton Type None as N-methyl=- as
pyridine pyrrole quinoline
Piston/Int Valve Deposit
Analyses
Heptane-Soluble Deposit,
wt g 1.75 2,15 2.68 1.47
Coaposition, wtX
C 85.4 85.0 85.3 85.2
H 14.1 14.0 14.3 14,2
N 0.11 0.29 0.23 0.20
S 0.12 0.15 0.04 0.14
Dimethyl formanide (DNF)-
Soluble Deposit, wt g 0.74% 1.87 1,50 0.92
Cotposition, wtX
c 67.1 56,1 61.3 72.3
H 5.0 8.2 7.8 14.5
N 3.9 2.6 1.4 3.1
S 0.6 0.4 0.3 1.5
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fuel pump also needed to be replaced at 30 hours. The fuel pump plunger was
stuck in the barrel due to a slight deposit which had closed the machine fit
tolerance of the pump. In the test which used N-methylpyrrole in the JP-7,
the fuel pump stuck at 27 hours, again due to slight deposit buildup in the
plunger/barrel area. Finally, a fuel injector stuck at 21 hours, when using
JP-7 spiked with quinoline. Overall, the nitrogen compound types added to
the fuel had very little or no effect on engine wear, Piston WID substan—
tially increased with the N-methylpyrrole, and all three nitrogen types
caused deposit problems in close tolerance areas of the fuel system compo-

nents.,
VI. MISCELLANEOUS EFFECTS

In this section, miscellanecous heteroatom effects on diesel engine wear and
deposits are examined. The first issue addressed was to determine 1f the
presence of both nitrogen- and sulfur-containing heteroatom compounds would
synergistically increase engine wear and deposits. A 60-hour Petter engine
test was conducted using JP-7 fuel which contained 1.2 wt® nitrogen present
as pyridine and 1 wtX sulfur preseat as TBDS., The summarized results of this
test, the neat JP-7, and the 1 wtX fuel S as TBDS tests are presented in
Tables 23, 24, and 25. Engine wear determined by piston ring and bore mea-
surements and iron countent in the oil was approximately the game for the N+§
and 1X S as TBDS tests, while the piston deposit rating for the N+S test was
similar to that with neat JP-7. The used oil from the N+§ test had a
slightly {ncreased TAN and sulfur content compared to the TBDS test. The
DMF-soluble deposit from the N+S test was unigque in that it had a amuch higher
sulfur content than any other DF-recovered deposit. The fuel pump prodlems
described f{n previous tests when using pyridine in the fuel were also ob-
served in this test as the fuel pump needed to be raplaced at 9.5 and 60
hours. In conclusion, there appeared to be no synergism with respect to wear
between nitrogen (pyridine) and sulfur (TBDS) when added to the fuel. The
presence of both N+S might have had a deposit-reducing synergism as a cleaner
piston WID rating was observed {n this test.

A 60-hour Petter test was run using a fuel blend of 90 volX JP-7 and 10 volX
naphthenic acids (AV-220). The summarized results are also shown in Tables

30

- S
R R e T A
AR LASAR RS Y DR
R AR T I S S SR R S Lo .ty
¢ "'.‘“.'\“\
-

» .
. . ‘. A . -~ ..
{y > .“ L] < v..\‘;. A .;. .A. ¥ ‘q 5‘ o .
. - A N .
L R R A A A W O S T T T A

R L VT N St PR I N R Tt I U ) " & - Bt e & w s e e EEC R IR I U
. . .




AR I T AN AT A T LT L T T S LT Al T A SR S T AT AT AL T T B e L R N T T T L MG L ) AT M A A Ty LMLAS L LA L T 8 R SIS S S s e s S |

TABLE 23. MISCELLANEOUS PETTER ENGINE TESTS

JP+1Z S
Fuel Jp-7 JP-7+12 S as TBDS JP-7+10%
) Heteroatom Type None as +1.27 N AV 220
t-butyl as ’
disulfide pyridine
Avg. Operating Conditions
Test Hours 60 60 60 60
RPM 1800 1805 1804 1806
Lload, 1b-ft 29 28 26 28
Bhp 9.8 9.6 8.9 9.6
0il Temp, °C 79.1 76.3 77.5 75.0
Ay Exhaust Temp, °C 605 565 570 534
- 0il Consumption, lb/hr 0.228 0.226 0.03 0.213
Results
Used 0il Fe, ppm 56 130 145 1046
Ring End Gap Change, in.
Top 0.001 0.005 0.004 0.009
2 0.001 0.003 0.001 0.001
- 3 0.003 0,006 0.003 0.005
N Piston WID Rating 151 216 132 147
) Piston Lacquer Demerit 3.2 5.5 6.8 3.6
, Ring Sticking None None None None
TABLE 24. USED OIL PROPERTIES - MISCELLANEOUS PETTER ENGINE TBSTS
JP=7+1X §
Fuel Jp=7 Jp~7+1% § as TBDS JP~7+102 |
Heteroatom Type None as +1.2% N AV 220 !
t-butyl as
disulfide pyridine
Used 0il Analyses
K. Vis, cSt, at 40°C 34,32 34,13 35.70 33.26
at 100°C 6.67 7.32 8.07 7.28
TAN 0.2 0.8 1.3 0.9
Insolubles, wtX
Pentane “A" 0.71 0.85 1.10 0.73
Toluene “A" 0.53 0.79 0.90 0.66
Pantane "B" 0.69 0.85 1.05 0.70
Toluene “B" 0.28 0.48 0.88 0.52
Element.s
Fe, ppa 56 130 145 1046
Cu, ppa 15 17 18 Jl
Pb, ppu <60 <60 <60 <60
S, wel <0.01 0.01 0.04 <0,01
N, wtd 0.004 0.006 0.010 0.004
Differential IR, Oxigition NIL NIL NIL NIL
Absorbance @ 1710 cm
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TABLE 25. PETTER PISTON DEPOSIT COMPOSITION -
MISCELLANEOUS TESTS

JP-7+12 S
Fuel Jp-7 JP-7+1% S as TBDS JP=-7+10%
Heteroatom Type None as +1.22 N AV 220
t-butyl as

disul fide pyridine

Piston/Int Valve Deposit

Analyses
Heptane~Soluble Deposit, wt g 1.75 2,32 1.52 1.58
Composition, wtZ
C 85.4 85,1 84.7 84,0
H 14.1 14.3 14.1 14,1
N 0.11 0.13 0.28 0.11
] 0.12 0.50 0.58 0.39

Dimethylformanide (DMF)-
Soluble Deposit, wt g 0.74 0.99 1.02 0.90
Composition, wtX

w
(D WO
o o s o

R Ne!
wvioowmo

23, 24, 25. 'The experiment demonstrated the detrimental effects of oxygen-
containing coupounds present as naphthenic acids in the fuel on engine condi-
tion. The top compression ring experienced very high measured wear and the
used oil countained 1046 ppm iron, The naphthenic acids did not impact on
piston deposits, as the plaston WID was virtually the same as when using neat
JP-7. The fuel injector was sticking at 55 hours due to deposits and was
replaced. Overall, the naphthenic aclds were very detrimental to engine
wear, while not affecting piston deposits, but did cause injector deposits,

A test was conducted using a referee diesel fuel (MIL-F-46162B) which con-
tained 1 wtX sulfur ag naturally occurring compounds. The analysis results
of this fuel (AL-12624) are presented ia Table 26, Fuel AL-12624 did not
weet all requirements of MIL-F-46162B, as it had poor accalerated stablility
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and excessive particulate contaminates. This test was continued beyond the
normal 60 hours to 480 hours to determine the effects of extended use of this
fuel, and to determine if engine wear and deposit buildup occurred linearly
. with test time. The engine completed the scheduled 480 hours without prob~

lems.
TABLE 26, FUEL ANALYSIS
Fuel: AL~12624-F (HSF)
Property ASTM Method Value
Density at 20°C, kg/L D 1298 0.8730
Gravity at 60°F, API® D 287 30.5
Distillation, °F (°C) D 86
IBP 379 (193)
10% 434 (223)
202 468 (242)
30% 498 (259)
40% 525 (274)
50% 543 (284)
60% 558 (292)
70% 573 (301)
802 592 (311)
90% 617 (325)
95% 637 (336)
End Point 657 (347)
Residue, volX 1.0
Flash Point, °F (°C) D 93 175 (79)
Cloud Point, °F (°C) D 2500 12% (~-11)
Pour Point, °F (°C) D 97 10* (-12)
Cetane Number D 613 42,7
Cetane Index D 976 43,4
K. Vis, cSt, at 40°C D 445 2.97
Carbon Residue on 10X Bottoms, massX D 524 0,21
Cu Strip Corrosion, 3 hours at 50°C D 130 la
TAN D 974 0.02
Accelerated Stability,

Total Insolubles, mg/100 mlL D 2274 4.30
Particulate Contamination, mg/240 ul D 2276 KN LA
Saturates, volX D 1319 46.5
Olefing, volX D 1319 1.1
Aromatics, voll D 1319 52.4
Net Heat of Combustion, Btu/lb (MJ/kg) D 1405 17968
(41.794)

Ash, wtX D 482 <0.01
Sul fur, wtZ D 2622 1.01
Karl Fishcor uzo, ppa D 1744 607

* Sauple was centrifuged and the superunatant was used for these tests.
*tFitter plugged at 240 ul.
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A comparison of engine wear and deposits at 60 hours and 480 hours was made.
The extended duration test (eightfold increase in time) had approximately a
fivefold increase in measured ring wear and a twofold increase in piston
deposits. These results indicate that engine wear and deposit buildup are
occurring at a less than linear rate with time.

VII. CONCLUSIONS AND RECOMMENDATIONS

A, Conclusions

The following conclusions are made based on the Petter engine tests reported
herein:

Wear

L At 1.0 wtX fuel sulfur, wear severity was 2 to 2.7 times that
of the neat base fuel (JP-7).

® At 2,0 wt fuel sulfur, a fourfold increase in wear was ob=
served as compared to the base fuel.

] Naturally occurring fuel sulfur produced approximately the
same engine wear as added sul fur compounds.

L Fuel sulfur chemical type did not fnfluence observed engine

wear levels.

L] Volatility of the fuel sulfur did not {nfluence obdserved
engine wear levels.

° At 1 wtX fuel nitrogen, there was no increase in engine wear.

° Naphthenic acids in the €fuel caused a large increase in top
compression ring wear,

34
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Deggsits

No synergistic increase in engine wear was observed whea both

nitrogen and sulfur were present in the fuel.

An eightfold increase in test duration caused a fivefold
increase in engine wear; thus, wear was occurring at a lessg
than linear rate with test duration.

At 1 wtX fuel sulfur, substantially increased piston deposits
were observed with TBDS and C8SH

2 wt2 fuel sulfur, piston deposits were only slightly greater
than at 1 wtX S,

At 1 wtX fuel sulfur, TBDS caused greater piston deposits than
the naturally occurring fuel sulfur.

Volatility of naturally occurring fuel sulfur compounds had
no effect on piston deposit ratings. A greater wveight of
collected depogsits was obtained with the HBF fuel.

Subatantially iancreased piston deposits were observed with
N-methylpyrrole in the fuel,

All the nitrogen compounds caused fuel systea deposit probleans
in close tolerance areas such as the fuel pump plunger.

The naphthenic acids had no effect on piston deposits, but did

cause fuel injector sticking.

An eightfold increase in teat duratfon resulted {n a twofold
iacrease in piston deposits; thus, piston deposit accumulation

occurred at a auch less than linesr rate with test duratioa.
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B. Recommendations

e e

The following recommendations for additional work are offered:

e A e

¢ Additional, more baslc research which involves combustion ex-

v &

periments should be conducted to determine the relative roles

of $02 and SO3 ian causing corrosive engine wear.

° Since 502 appears to be the primary sulfur oxide formed in the
combustion chamber, the mechanism of SOZ—>S03 conversion in

a compression ignition engine should be examined.

e The wechanism of piston deposit formation should be deter—
nined, especially for TBDS which causes increased deposits.

® The mechanisas by which engine oil additives counteract the
deleterious effects of fuel heterocatom compounds should be

inveatigated,
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